Amplification and purification of plasmid DNA
VR1255C plasmid DNA (6.4 kb) encoding firefly luciferase driven by cytomegalovirus promoter was provided as a gift by Vical (San Diego, CA). The plasmid DNA was amplified in E. coli DH5 and purified with a QIAGEN EndoFree Giga kit (QIAGEN, Valencia, CA).
1.3. Preparation of PEG 10K -b-PPA 4K /DNA micelles in DMF-water mixtures For a typical preparation, VR1255 plasmid DNA (25 g) was first dissolved in 250 l DI water or dimethylformamide (DMF)-water mixtures with different DMF to water volumetric ratios ranging from 0:1, 3:7, 5:5 to 7:3 (v/v). PEG 10K -b-PPA 4K polymer (340.6 g, corresponding to an N/P ratio of 8) was also dissolved in 250 l DI water or DMF-water mixture at the same DMF fraction. This N/P ratio was selected based on our previous report [S3] showing optimal transfection efficiency at this ratio. To obtain PEG 10K -b-PPA 4K /DNA micelles with different morphologies, plasmid DNA solution was added into PEG 10K -b-PPA 4K polymer solution and the mixture was vortexed for 30 s. The mixture was then incubated at room temperature for 24 h before characterization.
Transmission electron microscopy (TEM)
Samples were prepared by depositing 10 µl of PEG 10K -b-PPA 4K /DNA micelle solution on a freshly ionized nickel grid covered by a carbon film. After 10 min, excess liquid was blotted away with filter paper. A drop of 2% uranyl acetate solution (~1 l) was then deposited on the nickel grid. After drying at room temperature, the samples were examined on a Tecnai FEI-12 electron microscope.
Cryogenic TEM (Cryo-TEM)
To prepare samples for Cryo-TEM, 5-10 μl of micelle solution was placed on a holey carbon film supported on a TEM copper grid (SPI Supplies, West Chester, PA). Following the preset procedure of the FEI Vitrobot vitrification system (FEI Company, Hillsboro, OR), the specimen was blotted and plunged into a liquid ethane reservoir cooled by liquid nitrogen. The vitrified samples were transferred to a Gatan 626 cryoholder and cryo-transfer stage cooled by liquid nitrogen. The specimens were then examined on an FEI Tecnai 12 microscope using a Figure S3 . Morphologies of PEG10K-b-PPA4K/DNA micelles prepared in 3:7 (v/v) (A), 5:5 (v/v) (B), and 7:3 (v/v) (C) DMSO-water mixture solvent at an N/P ratio (ratio of primary amino groups in PPA block of the copolymer to phosphate groups in DNA) of 8. The micelle solutions were incubated at room temperature for 24 h and then processed for TEM imaging. All scale bars represent 200 nm. These micelles exhibited morphologies similar to those of micelles obtained in DMF-water mixtures at the same mixing ratios.
1.7. Effect of solvent polarity on plasmid DNA morphology VR1255 plasmid DNA (10 g) was dissolved in 100 l DMF-water mixture at different DMF/water volumetric ratios ranging from 1:9 to 7:3. The morphologies of plasmid DNA in DMF-water mixtures with different DMF/water volumetric ratios were then characterized by TEM (Fig. S4) . 1.8. Effect of solvent polarity on the shape of PPA 4K /DNA nanoparticles VR1255 plasmid DNA (10 g) was first dissolved in 100 l DI water or DMF-water mixture at different DMF/water volumetric ratios. PPA 4K polymer (44.6 g, corresponding to an N/P ratio of 8) was also dissolved in 100 l DI water or DMF-water mixture at the same DMF fraction. PPA 4K /DNA nanoparticles were prepared by adding plasmid DNA solution into PPA 4K solution. The mixture was vortexed for 30 s and incubated at room temperature for 2 h. The morphologies of PPA 4K /DNA nanoparticles in DMF-water mixtures with different DMF fractions were then characterized by TEM (Fig. S5) . As seen in the TEM images, spherical and irregularly shaped particles were obtained under all solvent conditions examined, with aggregates observed at higher DMF fraction. No particles with higher aspect ratios were observed, highlighting the importance of PEG segments in controlling the shapes of PEG-b-PPA/DNA micelles. 
Computational Methods

Simulation model
The LAMMPS package was used to perform large-scale molecular dynamics simulations [S4] . In the simulations, the DNA and the PEG-b-PPA copolymers were represented by a beadspring model with a harmonic bond potential, ,
where r is the center-to-center distance between two beads connected by a bond and r 0 = 2 1/6 , with  the Lennard-Jones (LJ) unit of length and  the LJ unit of energy. In light of computational efficiency, the plasmid DNA was represented by a bead-spring ring polymer of 80 beads, in which each bead had an electrostatic valency of -1. To represent the characteristic charge pattern of the PPA block, we simulated the PPA block as 3 beads with charges (+2, +2, 1), i.e., a grafting density of 67%, corresponding to the upper limit of the grafting density in the experiments. The length of the PEG block in the simulation was chosen as 10 beads, all of which were neutral.
Whereas the copolymers were considered fully flexible, an additional harmonic bond-angle potential was applied to the DNA to represent its intrinsic stiffness, ,
where θ is the angle between two adjacent bonds and θ 0 = 180°. With this bond stiffness, the intrinsic persistence length of the DNA is 6.8, as determined from the exponential decay length of the bond-angle correlation function of a neutral, linear polymer with the same bond-angle potential [S5] . As a result, the ratio of the intrinsic persistence length to the contour length is approximately three times larger than in the experiments, which we consider acceptable given the simplifications adopted in this semi-quantitative model.
The solvent was simulated implicitly using a Langevin thermostat with damping time 100, where  is the LJ unit of time, ,
  Table S2 . Although the DNA conformation and the mixed nature of the solvent complicate a precise calculation of the surface charge from the  potential, it is reasonable to employ the approximation (although strictly valid only for low  potential) that surface charge and  potential are linearly proportional [S8] . Then, if we also assume that the surface charges on DNA and PPA respond similarly to solvent variation, the variation in surface charge counteracts the variation in dielectric constant and the electrostatic interaction between DNA and PPA blocks varies by only ~5% over the range of DMF/water volumetric ratios tested (with an outlier of 13% for a 3:7 (v/v) DMF-water mixture). Thus, for simplicity we assumed a constant Bjerrum length and constant charge density in our model.
As the DMF concentration increases, the solvent quality for DNA and PPA systematically decreases. Since we employed an implicit solvent, the change from a good to a poor solvent was
represented by an increase in the effective attraction between DNA repeat units and between PPA repeat units. Since the PPA blocks and DNA already experience a strong electrostatic interaction, no additional solvent-induced effective attraction between DNA and PPA was imposed. When selecting the relative magnitude of the DNA-DNA attraction and the PPA-PPA attraction, it must be taken into account that the number of DNA monomers represented by a single DNA bead in the simulations is approximately three times larger than the number of PPA monomers represented by a PPA bead. Consequently, the number of DNA-solvent contacts (per bead in the simulation) is approximately three times larger than the number of PPA-solvent contacts. To reflect this, we set the attraction between PPA units in the poorest solvent (Solvent 4) to one third of the attraction between DNA units. In the coarse-grained modeling adopted here, it was our aim to elucidate the mechanism of micelle shape variation, rather than to realize a precise mapping between different DMF/water ratios onto attractive pair potentials.
Thus, we opted to describe this pair potential via a LJ potential with gradually increasing attractive strength. Since attraction strengths above 3k B T are likely to result in a kinetically arrested situation, we chose the four solvents to linearly interpolate between 1k B T and 3k B T for the DNA repeat units. For PPA repeat units, we thus chose the attraction strength in Solvent 4 to be 1k B T, which was then decreased linearly to a potential without attraction (i.e., a purely repulsive shifted-truncated LJ potential) in Solvent 1. Given our choice for the temperature, this yielded the parameters listed in Table S3 . The pair potential was cut off at 2.5 and shifted at the cutoff to eliminate a discontinuity in the interaction, except for PPA in Solvent 1, for which a Table S3 . Effective attraction strength LJ (in units of the LJ energy parameter ) between DNA units and PPA units for different solvent conditions. With increasing DMF fraction, the solvent quality decreases, represented by an increase in LJ. Since the simulations take place at a temperature T = 1.2/kB, an attraction strength LJ = 1.2 corresponds to 1kBT and LJ = 3.6 corresponds to 3kBT. purely repulsive interaction potential was generated by imposing a cutoff at 2 1/6  and performing a corresponding shift to eliminate a discontinuity at the cutoff. On the other hand, both water and DMF and their mixtures are good solvents for PEG [S9] . We opted against attempting to include minor PEG solubility variations with DMF/water ratio in our model, but instead represented the uniformly good solvent conditions via a purely repulsive shifted-truncated LJ potential with a cutoff 2 1/6 . All other nonbonded short-range interactions (excluded-volume interactions with PPA and ions) were modeled with the same purely repulsive potential. The electrostatic interactions were taken into account using Ewald summation [12] [13] [14] .
Solvent Condition
This approach incorporates fluctuation phenomena and, as has been demonstrated for comparable systems [13, 14] , permits a rapid, systematic, and independent variation of the relevant variables, and also fully resolves the arrangement of the different constituents (PEG and PPA blocks, plasmid DNA, and counterions) within a micelle. The total number of copolymers is controlled by the charge ratio (ratio of the total net positive charge on the PPA blocks to the total negative charge on the DNA), which we set to 3, i.e., one DNA chain and 80 block copolymers.
This is slightly lower than the experimental charge ratio of 4.6, but we confirmed that our results did not vary significantly for charge ratios in the range of 3 to 6. In addition, 160 negative monovalent counterions were present in the system to maintain charge neutrality, without additional salt. All particles were placed in a cubic, periodically replicated simulation cell with linear size 100. The electrostatic energies and forces were computed by the Particle-Particle Particle-Mesh (PPPM) Ewald algorithm, with a relative accuracy of 10 -4 .
Radius of gyration tensor and asphericity
To quantitatively characterize the shape of the DNA in the simulation, we employed the asphericity introduced in the main text [S10,15,16] , which is computed from the eigenvalues  1,  2 , and  3 of the DNA radius-of-gyration tensor
where N = 80 is the number of beads representing the DNA, and r i represents the Cartesian coordinate of the ith bead and α, β = 1, 2, 3 denote Cartesian components. , , ,
Equilibration of the simulations and the use of parallel tempering
The DNA chain, the copolymers, and the counterions initially were randomly placed in the simulation box. To accelerate the equilibration process, initially a shifted and truncated LJ interaction with cutoff 2 1/6  was used as the only pairwise interaction between any two particles.
After an equilibration period of 3  10 3  with time step 0.01, the proper LJ interactions and all electrostatic interactions were switched on, followed by a second equilibration period of 2.4  10 3 . As shown in Fig. S6 , the structure of the DNA fluctuates between different states.
However, in a single run, the switching occurs relatively infrequently, which makes it difficult to obtain an accurate probability distribution for the asphericity. To accelerate the fluctuation between different states, we employed the parallel tempering method [S12] . In this approach, multiple copies of the same system are simulated in parallel, at different temperatures. At fixed intervals, an exchange between configurations simulated at adjacent temperatures is attempted.
This approach exploits the larger degree of fluctuations at higher temperatures to provide a pathway for the simulations at the original temperature to transition between states. With increasing interaction strength (decreasing solvent quality), transitions became progressively more difficult and a larger number of parallel simulations were required. The details for the parallel tempering runs are listed in Table S4 . The temperatures were distributed logarithmically over the interval indicated. Three parallel tempering runs were performed for each solvent, for a sampling period of at least 7.2  10 5  per run. 
Effect of PEG blocks
Transformation of Micelle Shape by Titrating Solvent Polarity
PEG 10K -b-PPA 4K /DNA micelles were first prepared in the presence of 7:3 (v/v) DMF-water mixture as described in Section 1.6. DI water was gradually titrated into 500 μl of micelle solution with a syringe pump at a rate of 1 ml/h under stirring. At different DMF fractions, an aliquot of micelle solution was incubated at room temperature for 24 h and processed for TEM imaging (Fig. 3) . TEM images were analyzed with Image J 1.43. The lengths or diameters of each individual micelle were measured, and the average diameters and standard deviations were calculated from the measurements of 80 to 100 micelles in each sample.
Stabilization of Micelle Shapes and Gene Delivery In Vivo
Preparation of thiolated PEG 10K -b-PPA 4K carrier
PEG 10K -b-PPA 4K polymer (10 mg) was dissolved in 75 mM, pH 8.0 PBS buffer (purged with argon to remove dissolved oxygen) to achieve a concentration of 20 mg/ml. Traut's reagent (0.45 mg) dissolved in DI water at a concentration of 10 mg/ml was mixed with PEG 10K -b-PPA 4K polymer solution and reacted for 2 h at room temperature (Fig. S8 ). The reaction mixture was then dialyzed against 2 mM EDTA solution (purged with argon) for 1 h through a dialysis membrane with MWCO of 3,500 Da. The final product was obtained after lyophilization. The grafting degree of free thiol groups was determined to 18.9% by using 4-(amino-sulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F) reagent according to a reported method [S13] . 
Preparation of micelles with different shapes with thiolated PEG 10K -b-PPA 4K
To compare the shapes and sizes of uncrosslinked micelles with those shown in Fig. 4 , thiolated PEG 10K -b-PPA 4K /DNA micelles were prepared in 7:3 (v/v), 5:5 (v/v), 4:6 (v/v), and1:9 (v/v) DMF-water mixtures using the same protocol as described in Fig. 4 . An aliquot of micelle solution was processed for TEM analysis after 24 hours of incubation (Fig. S9) . These thiolated PEG 10K -b-PPA 4K /DNA micelles prepared at different DMF concentrations exhibited similar particle size and shapes as their crosslinked counterparts shown in Fig. 4 . PPA 4K /DNA micelles, DI water was titrated into micelle solution as described in Section 3.
After transformation, the micelles were incubated at room temperature for 24 h and then subjected to aerial oxidation for 48 h under stirring (Fig. S10) . DMF was then removed by The disulfide crosslinks can be reduced in the presence of high concentrations of glutathione found in the cytosol or nucleus. This process can then facilitate the release of DNA from the micelles (right).
Stability of crosslinked PEG 10K -b-PPA 4K /DNA micelles
To evaluate the stability of micelles in the presence of salts at physiological concentration, a calculated amount of NaCl solution (5 M) was added to micelles with various shapes prepared and crosslinked under the same condition as described in Fig. 4 , to adjust the concentration of NaCl to 0.15 M. After incubation with NaCl for 30 minutes, an aliquot of micelle solution was processed for TEM analysis (Fig. S11) . No micelles showed a significant change in particle size or morphology, indicating that they were insensitive to electrostatic screening.
To assess the stability of crosslinked micelles in the presence of serum, we selected crosslinked, spherical, and worm-like micelles and incubated them in 5% (v/v) fetal bovine serum at 37°C for 1 h. An aliquot of micelle solution was then analyzed by TEM using the same method as described above. As shown in Fig. S12A-D , both spherical and worm-like micelles retained their original size and morphology upon incubation in serum-containing medium. In contrast, PPA 4K /DNA nanoparticles aggregated severely under the same condition (Fig. S12F) . These results demonstrate that the crosslinked micelles exhibit much higher colloidal stability and are capable of maintaining micelle size and morphology in serum-containing medium.
Furthermore, to determine whether crosslinked micelles can protect encapsulated DNA from enzymatic degradation in serum, we incubated crosslinked micelles in 10% (v/v) fetal bovine serum at 37°C for 4 h. Subsequently, DTT and heparin were added to micelle solutions to resolve the disulfide crosslinks and release the encapsulated DNA for assessment of its integrity. Figure S12 . TEM images of crosslinked PEG10K-b-PPA4K/DNA micelles initially prepared in 1:9 (v/v) (A and B) and 7:3 (v/v) (C and D) DMF-water mixtures, followed by incubation in 5% (v/v) fetal bovine serum for 60 min at 37°C. Images for the same set of micelles prior to incubation in serum-containing medium are shown in Fig. S11D and S11A, respectively. Also shown are PPA4K/DNA nanoparticles before (E) and after (F) incubation in 5% (v/v) serum under the same conditions. Image (F) reveals severe aggregation.
An aliquot of micelle solution was analyzed by electrophoresis on a 0.8 w/v% agarose gel for 45 min at 75 V. The results are shown in Fig. S13 . On the gel, degradation of plasmid DNA was observed after incubation for only 15 min, as indicated by a long smear band; a 2-h incubation with 10% (v/v) serum yielded nearly completely degraded plasmid DNA (Lane 10). In contrast, DNA recovered from crosslinked spherical (Lane 2) and worm-like micelles (Lane 4), which were incubated in 10% (v/v) serum at 37C for 4 h, showed migration patterns similar to DNA samples recovered from micelles that were not incubated with serum (Lanes 3 and 5, respectively). By comparing Lanes 3, 5, and 6, it is obvious that the DNA recovering process was not fully efficient and that there was some difference in DNA release ability between spherical and worm-like micelles. But it is also clear that crosslinked micelles protected encapsulated DNA from degradation, as DNA samples recovered from micelles incubated in The radiolabeled DNA was mixed with non-radiolabeled DNA at a weight ratio of 1:10.
The radioactivity of the mixed plasmid was denoted as R total (DPM/per µg of DNA). We then prepared crosslinked PEG-b-PPA/DNA micelles with different shapes using 3 H-labeled plasmid DNA according to the method described in Section 4.2. At 24 h prior to transfection, HEK293 cells were plated in a 48-well plate at a density of 5 × 10 4 cells per well. The transfection was conducted according to the same procedure described above using the 3 H-labeled micelles in triplicates. At 4 h after transfection, the medium in each well was carefully removed, and the cells were washed with 500 l of PBS. The medium and washing buffer from each well were combined. The radioactivity in this combined solution (denoted as R supernatant ) was measured on a liquid scintillation counter (TRI-CARB 1900 TR, Packard, Downers Grove, IL). The cell uptake of micelles was calculated according to Cell uptake of 3 H-labeled DNA (%) = (1 -R supernatant / R total ) × 100%
The cell transfection efficiencies (Fig. S14A) closely tracked their cellular uptake efficiencies measured using micelles prepared with tritium-labeled DNA (Fig. 14B) , suggesting that poor cellular uptake of worm-like micelles is the limiting step in their transfection efficiency. The electroneutrality of the micelle surface, although potentially responsible for the lower cell uptake of all four types of micelles (≤ 8.6 ± 1.2%) compared to PPA/DNA nanoparticles (29.9 ± 3.6%), is highly beneficial to nanoparticle stability in physiological media.
We anticipate that the cell uptake may be improved by incorporating cell-specific ligands on the micelle surface, which will then further enhance their transfection activities.
